Fetal growth retardation has been linked to elevated blood pressure in adult life. This association between birth weight and blood pressure is present in childhood and is amplified with age. However, the mechanisms that underlie this association are largely unknown. We examined the relationship between birth weight and forearm vascular resistance and forearm blood flow in children aged 9-12.7 years. A total of 58 children were randomly selected from a cohort of 1610 born at the University Hospital of the West Indies in Jamaica where adequate antenatal and delivery records were available. Blood pressure, heart rate and forearm blood flow (by venous occlusion plethysmography) were measured at rest and after cold pressor and mental arithmetic tests.
Introduction
Hypertension occurs in 26% of Caribbean adults and contributes significantly to morbidity and mortality. 1 Recognized risk factors for developing hypertension include obesity, inactivity, and dietary intake of sodium, potassium, and alcohol. Relatively low birth weight has also been associated with higher blood pressure as well as increased risk of hypertension in adults. 2 This association between birth weight and blood pressure is present in childhood and is amplified with age. 3 However, the mechanisms that underlie this association are largely unknown. Most likely, the final common pathway involves raised vascular resistance. 4 If there is a causal relationship between fetal growth retardation and hypertension, we suggest that birth weight should be related to the early pathogenic features of hypertension. Since increased vascular reactivity may predict hypertension, 4 we hypothesized that the change in vascular resistance in response to standardized stresses should be inversely related to birth weight.
We measured blood pressure and forearm blood flow at rest and after cold pressor and mental arithmetic stresses in a group of children. The response to these tests would be vasoconstriction and vasodilation, respectively. We then related vascular resistance to the children's weight and anthropometric measurements at birth.
Materials and methods
The 58 children, aged 9-12 years, who enrolled in this study, were part of a larger group (n ¼ 1610) recruited for a study of cardiovascular risk factors in Jamaican school children. 5 They were born at the University Hospital of the West Indies at term (gestational age 38-40 weeks) following pregnancies free of medical complications (eg pregnancyinduced hypertension and gestational diabetes). Birth weight and length were routinely recorded. Children were selected from three-fifths of the birth weight distribution in the main study: low birth weight (up to 2690 g), middle birth weight (3050-3350 g) and high birth weight (over 3540 g). Written parental and verbal personal consent were obtained. The Ethics Committee of the University of the West Indies approved the study.
Children were brought from school to the ward of the Tropical Metabolism Research Unit by 0830 for testing between 0900 and 1200 noon. Subjects were weighed in a light cotton school uniform without shoes to the nearest 0.1 kg using a beam balance (Weylux, CMS Weighing Equipment Ltd, UK). Height was measured to the nearest 0.1 cm using a wall-mounted stadiometer (CMS Weighing Equipment Ltd, UK). Socioeconomic status was determined by a structured interview as previously described. 5 Family possessions, utilities in the house, and school materials were used to compute a socioeconomic index that was directly related to income.
After voiding, the children rested supine for 30 min in a quiet room at 251C prior to flow measurements. 6, 7 Forearm blood flow was measured by venous occlusion plethysmography using a mercury-in-silastic strain gauge. [8] [9] [10] The left upper limb was supported 5-10 cm above the level of the heart with cushions at the arm, elbow, and palm to facilitate venous outflow. 6 A venous occlusion cuff was placed just proximal to the antecubital fossa.
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The strain gauge (Electromed, UK) was secured with adhesive tape at the region of maximum forearm circumference. 11 The strain gauge output was amplified and recorded with a polygraph (Grass model 79D). A pediatric cuff at the wrist excluded blood flow from the hand during flow measurements. Mean arterial blood pressure (MAP) was recorded on the right arm using an oscillometric sphygmomanometer (Dinamap 1846 SX).
After the 30-min rest, baseline blood pressure was measured each minute for 5 min, and the average used in computations. To measure blood flow, the wrist cuff was first inflated to 200 mmHg. 11 The venous occlusion cuff on the upper arm was then rapidly inflated to 50 mmHg with compressed air, held at this pressure for 6-8 s and deflated over 6 s. Venous occlusion allows arterial blood to enter but not leave the forearm, and flow into the arm is detected by stretch of the strain gauge. In all, 12 baseline readings of blood flow were made within 5 min, and their mean used.
Calculations
For each 1% change in limb volume, circumference changes by 2%. 8 The relative change in mercury strain gauge resistance is directly proportional to the change in gauge length. When the length of the gauge is equal to the circumference of the limb, the change in its resistance will be directly proportional to the change in limb volume. 8 Thus, Forearm blood flow (FBF) ¼ 12 000 dL CF/ LT, where CF is the calibration factor which relates the change in gauge resistance to change in forearm circumference, dL is the change in the resistance of the gauge, L is the circumference of the forearm at its widest section (cm) and T is the time for flow measurements (s). Flow is expressed as ml/min.
Forearm vascular resistance (FVR, mmHg/(ml/min)) ¼ MAP/FBF.
Cold pressor test
After baseline measurements, children immersed their right hand up to the wrist in a container of cold water (41C) for 1 min. 12 Four to six flow measurements were made during the immersion period.
Mental arithmetic test
After the cold pressor test, the children rested for 30 min. Following further baseline measurements, a mental stress test was applied using arithmetic problems. Children were asked to do serial additions every 3 s using odd numbers from 3 to 13. If they gave six consecutive correct answers, the difficulty of the problem was increased. When a child got four consecutive computations wrong, the previous level was selected as the appropriate test level, and the child was tested for 4 min. In all, 8-10 flow measurements were made during the last 3 min.
The reported coefficient of variation for flow measurements by strain gauge ranges from 10 to 13%. 9, 10 In this study, forearm blood flow had a coefficient of variation of 14% during baseline measurements and 15% during the cold pressor test. We controlled the variability by making multiple measurements of blood flow.
Statistical methods
The distributions of FBF and FVR were right skewed and so were log-transformed to normality. We analysed the data using correlation coefficients and tabulation of mean values. Table 1 shows birth and childhood anthropometry and physiological measurements on the forearm before and after stress testing.
Results
Birth weight was weakly inversely associated with FVR after the cold pressor test (Table 2) ; birth length was weakly positively associated with FVR before the cold pressor test. There were no associations between birth measurements and FVR in the mental arithmetic test. Nor were there any associations between childhood measurements and FVR.
We measured response in the stress test as the difference in the (logged) values of FVR, and correlated this with birth and childhood measurements. Birth weight was strongly inversely associated with response in the cold pressor test (r ¼ À0.47, P ¼ 0.0002; Table 3 and Figure 1 ). The correlation in boys was À0.52 (P ¼ 0.006) and in girls it was À0.41 (P ¼ 0.02). There was no difference in these effects by sex (P ¼ 0.78). There was a weaker association between birth length and response, which was lost when adjustment was made for birth weight (data not shown). Ponderal index was negatively but nonsignificantly associated with change in FVR in the cold pressor test (P ¼ Table 4 illustrates the association between birth weight and FVR response, which is displayed as the mean of the antilogged differences in resistance values. This is equivalent to the ratio of stressed to resting values. The low birth weight group had a much higher response in the cold pressor test than either of the other two birth weight groups, whose responses were similar. Hence, the log (ratio of vascular resistance under stress to resting) decreased by 0.289 units per kg of birth weight (95% CI 0.145-0.434; P ¼ 0.0002). The median response was an increase in FVR by a factor of 1.96. In all, 17 of the 18 children (94%) who had birth weight in the lowest group had responses that exceeded this median (Table 5) , compared with only 12 of the other 40 children (30%, Po0.0001). In the mental arithmetic test, a more extreme response is shown by a ratio below unity. The high birth weight group showed the biggest response (Table 4) .
Discussion
These data show that children who had low birth weight had an increased reactivity of forearm vascular resistance to the cold pressor test, which causes a-adrenergic vasoconstriction. 13, 15 This response may be due to an altered balance of vasoconstrictor and vasodilator influences. An increased vasoconstrictor tone may be due to greater vascular wall thickness and/or increased sympathetic activity. Sympathetic activity is increased in young hypertensive individuals and particularly so among black individuals.
14-16 Sustained sympathetic overactivity itself can potentially cause smooth muscle hypertrophy in arteriolar vessels, 17 altering arterial compliance and thus perpetuating a vicious cycle. In support, early vascular remodelling is seen in African-Americans who do not have established hypertension. 18 In fact, pressor changes may be greater in normotensive black children. Sympathetic overactivity may alter the balance of endothelin and nitric oxide in favour of vasoconstriction, although these changes may themselves be the result of increased blood pressure. Although we cannot differentiate between increased sympathetic activity and increased arteriolar wall thickness, the changes observed in this study were similar to vascular changes seen in hypertensive adults. 4, 17 We have no data on the pubertal status of the children and thus we could not determine if puberty could confound the relationship between age and change in vascular resistance.
The mental stress test induces vasodilation, an increased cardiac output, and a concomitant rise in blood pressure. 19, 20 Birth weight was weakly associated with vasodilation (Tables 3 and 4 ). This limited vasodilation in children who were smaller at birth could represent a balance of constrictor and dilator forces set in favour of vasoconstriction. The relative magnitude of vasodilation seen in the mental arithmetic test was less than the effect of the cold pressor test (Table 4 ). This meant there was less power in the mental arithmetic test, thus causing a weaker association. Birth length showed Forearm vascular resistance and birth weight SD Nichols et al similar relationships, that is, children who had been short at birth had increased vascular reactivity in response to cold and less vasodilation in response to mental stress. Children with lower birth weight are more likely to have experienced growth restraint in utero. Growth-retarded fetuses show redistribution of cerebral blood flow with lowered vascular resistance, and heightened peripheral vascular resistance. [21] [22] [23] [24] In addition, low birth weight has been shown to be associated with impaired endothelial function, 25, 26 which may lead to increased vascular reactivity in childhood. 27 Thus, early adaptive changes might programme the cardiovascular system. 25, [28] [29] [30] [31] [32] These adaptive changes may be particularly strong in low birth weight individuals as our data suggest a larger effect size in vascular reactivity in this group (Table 5 and Figure 1 ). Such changes have not been consistently reproduced in preterm infants 33, 34 and in all ethnic groups. 35 However, children born preterm, who also had intrauterine growth retardation, have increased systemic arterial stiffness and mean blood pressure. 36 Consequently, prematurity may attenuate the effect of growth retardation on peripheral vascular resistance and endothelial function. 37, 38 In conclusion, the present findings of increased vascular reactivity in school children with lower birth weight are consistent with in utero programming of vascular development.
